A critical requirement for diverse applications in quantum information science is the capability to disseminate quantum resources over complex quantum networks 1,2 . For example, the coherent distribution of entangled quantum states together with quantum memory (for storing the states) can enable scalable architectures for quantum computation 3 , communication 4 and metrology 5 . Here we report observations of entanglement between two atomic ensembles located in distinct, spatially separated set-ups. Quantum interference in the detection of a photon emitted by one of the samples projects the otherwise independent ensembles into an entangled state with one joint excitation stored remotely in 10 5 atoms at each site 6 . After a programmable delay, we confirm entanglement by mapping the state of the atoms to optical fields and measuring mutual coherences and photon statistics for these fields. We thereby determine a quantitative lower bound for the entanglement of the joint state of the ensembles. Our observations represent significant progress in the ability to distribute and store entangled quantum states.
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Entanglement is a uniquely quantum mechanical property of the correlations among various components of a physical system. Initial demonstrations of entanglement were made for photon pairs from the fluorescence in atomic cascades 7, 8 and from parametric down-conversion 9 . More recently, entanglement has been recognized as a critical resource for accomplishing tasks that are otherwise impossible in the classical domain 1 . Spectacular advances have been made in the generation of quantum entanglement for diverse physical systems 1, 2 , including entanglement stored for many seconds in trapped ions for distances on the millimetre scale 10, 11 , long-lived entanglement of macroscopic quantum spins persisting for milliseconds on the centimetre scale 12 , and remote entanglement carried by photon pairs over distances of tens of kilometres of optical fibres 13 . For applications in quantum information science, entanglement can be created deterministically by precisely controlling quantum dynamics for a physical system, or probabilistically by quantum interference in a suitable measurement with random instances of success. In the latter case, it is essential that success be heralded unambiguously so that the resulting entangled state is available for subsequent use. In either case, quantum memory is required to store the entangled states until they are required for the protocol at hand.
There are by now several examples of entanglement generated 'on demand' 1 , beginning with the realization of the Einstein-PodolskyRosen (EPR) paradox for continuous quantum variables 14 and the deterministic entanglement of the discrete internal states of two trapped ions 15 . Important progress has been made towards measurement-induced entanglement on various fronts, including the observation of entanglement between a trapped ion and a photon (ref. 16 and references therein).
Here, we report the initial observation of entanglement created probabilistically from quantum interference in the measurement process, with the resulting entangled state heralded unambiguously and stored in quantum memory for subsequent use. As illustrated in Fig. 1 , the detection of a photon from either of two atomic ensembles (L, R) in an indistinguishable fashion results in an entangled state with one 'spin' excitation shared at a distance of 2.8 m between the ensembles and distributed symmetrically among ,10
5 atoms at each site 6 . Confirmation of entanglement is achieved by mapping this stored excitation onto light fields after 1-ms delay 6, 17 and by suitable measurements of the quantum statistics of the resulting optical fields. Our results provide the first realization of the capability to transfer a stored entangled state of matter to an entangled state of light.
Our experiment is motivated by the protocol of Duan, Lukin, Cirac and Zoller (DLCZ) 6 for the realization of scalable quantum communication networks with atomic ensembles. The DLCZ protocol introduced a number of ideas for quantum information processing and is the subject of active investigation. In this direction, nonclassical correlations [17] [18] [19] [20] [21] [22] [23] [24] and entanglement 25 have been observed between pairs of photons emitted by a single atomic ensemble. Observations of coherence between two cylindrical volumes of cold rubidium atoms within a single magneto-optical trap have also been reported 26 , although entanglement was not demonstrated between the two regions 27, 28 . A simple schematic of our experiment is given in Fig. 1 , with further details provided in refs 17, 21 and 23. For the writing stage of the protocol, two classical pulses traverse the L and R ensembles in parallel and generate fields 1 L , 1 R by spontaneous Raman scattering (see Fig. 1a ). The intensity of the pulses is made sufficiently weak that the probability of creating more than one excitation in the symmetric collective mode 6 of the ensemble is very low 21 . Entanglement between the L and R ensembles is created by combining the output fields 1 L , 1 R on the beamsplitter BS 1 , with outputs directed to two photodetectors D 1a , D 1b (see Fig. 1a ). For small excitation probability and with unit overlap of the fields at BS 1 , a detection event at D 1a or D 1b arises indistinguishably from either field 1 L or 1 R , so that the L and R ensembles are projected into an entangled state, which in the ideal case can be written as 6, 29 :
where j0l L,R , j1l L,R refers to the two ensembles L and R with 0 anddifference acquired by the 1 L and 1 R fields in propagation from the ensembles to the beamsplitter BS 1 . We note that to achieve entanglement as in equation (1), h 1 has to be kept constant from trial to trial.
To verify the entanglement, we map the delocalized atomic excitation into a field state by applying simultaneously strong read beams at the two ensembles (see Fig. 1b ). If the state transfer were to succeed with unit probability, the conditional state jW L,R l of the ensembles would be mapped to an entangled state of two modes for the Stokes fields 2 L and 2 R given in the ideal case by 6, 29 :
where j0l 2L;2R ; j1l 2L;2R refer to the Raman fields 2 L , 2 R with 0, 1 photons, respectively. Here, h 2 ¼ Db r þ Dg 2 ; where Db r is the phase difference of the read beams at the L and R ensembles, and Dg 2 is the phase difference acquired by the 2 L and 2 R fields in propagation from the ensembles to the beamsplitter BS 2 in Fig. 1b . In our experiment, the phases h 1 and h 2 can be independently controlled and are actively stabilized by utilizing auxiliary fields at 1.06 mm that co-propagate along the paths of the write and read beams and of the 1 L , 1 R and 2 L , 2 R fields. Of course, the states in equations (1) and (2) are idealizations that must be generalized to describe our actual experiment 6, 27, 29 . Specifically, the presence of various sources of noise necessarily transforms these pure states into mixed states. Equations (1) and (2) also neglect the vacuum contribution as well as higher-order terms, which are intrinsic to DLCZ protocol and which otherwise arise from diverse experimental imperfections. Moreover, the above analysis assumes that all excitations are in the correct 'modes' (both for optical fields and for the collective atomic 'spin flips'), that excitations of the ensembles map one-to-one to photons in fields 1 and 2, and that diverse sources of background light are absent.
The procedure that we have devised to provide a robust, modelindependent determination of entanglement is based upon quantum tomography of the 2 L and 2 R fields (see Supplementary Information for details). Because entanglement cannot be increased by local operations on either of the two ensembles, the entanglement for the state of the ensembles will be always greater than or equal to that Figure 1 | An overview of our experiment to entangle two atomic ensembles is shown. a, Set-up for generating entanglement between two pencil-shaped ensembles L and R located within spherical clouds of cold caesium atoms. The atomic level structure for the writing process consists of the initial ground state jgl (6S 1/2 , F ¼ 4 level of atomic caesium), the ground state jsl for storing a collective spin flip (6S 1/2 , F ¼ 3 level), and the excited level jel (6P 3/2 , F 0 ¼ 4). The transition jgl ! jel in each ensemble is initially coupled by a write pulse detuned from resonance to generate the forward-scattered anti-Stokes field 1 from the transition jel ! jsl. The L and R ensembles are excited by synchronized writing pulses obtained from beamsplitter BS w . After filtering, the anti-Stokes fields 1 L and 1 R are collected, coupled to fibre-optic channels, and interfere at beamsplitter BS 1 , with outputs directed towards two single-photon detectors D 1a and D 1b . b, Schematic for verification of entanglement between the L and R ensembles by conversion of atomic to field excitation by way of simultaneous read pulses obtained from BS r . The read pulses reach the samples after a programmable delay from the write pulses, and couple the transition jsl ! je 0 l (je 0 l being the 6P 1/2 , F 0 ¼ 4 level), leading to the emission of the forward-scattered Stokes fields 2 L and 2 R from the transition je 0 l ! jgl. The upper inset shows the configuration used to measure the diagonal elements p ij ofr 2L;2R in equation (3) from the photo-detection events at D 2a , D 2b and D 2c . Reconfiguring the fibre connections, we can easily pass from the configuration of the upper inset to the one of the lower inset, which is used to generate interference of the 2 L and 2 R fields at beamsplitter BS 2 to measure the off-diagonal coherence d inr 2L;2R : In a and b, the incident write and read beams are orthogonally polarized and combined at a polarizing beamsplitter (not shown), and are focused to a waist of about 30 mm in the sample region. All beamsplitters BS are polarization-maintaining fibre beamsplitters. The ,12 m arms of both write and read interferometers are actively stabilized using an auxiliary Nd:YAG laser at 1.06 mm.
measured for the state of the light fields. Specifically, conditioned upon a detection at D 1a or D 1b , we consider the density matrix:
which is written in the basis jnl 2L jml 2R ; with the number of photons {n, m} ¼ {0, 1}. p ij is then the probability to find i photons in mode 2 L and j photons in mode 2 R , and d gives the coherence between the j1l 2L j0l 2R and j0l 2L j1l 2R states.r 2L;2R is obtained from the full density matrix r 2L;2R by restricting it to the subspace where there is at most one photon in each mode, with thenP ¼ p 00 þ p 01 þ p 10 þ p 11 : The concurrence Cðr 2L;2R Þ forr 2L;2R provides a lower bound for the concurrence Cðr 2L;2R Þ for r 2L;2R ½Cðr 2L;2R Þ $PCðr 2L;2R Þ; so we devise measurements to deduce the various components ofr 2L;2R : The concurrence Cðr 2L;2R Þ can then be calculated from equation (3) 
The entanglement of formation E follows directly from C, where E and C both range from 0 to 1 for our system and E is a monotonically increasing function of C (ref. 30) .
As a first step in the determination of C we measure the diagonal elements p ij . As shown in Fig. 1b , the field-2 output of each ensemble is directed to different sets of detectors in order to record photoncounting probabilities for the fields 2 L , 2 R separately. From the record of photoelectric counting events, we then deduce the diagonal elements ofr 2L;2R ; which are listed in Table 1 . From equation (4) and noting that jdj 2 # p 10 p 01 , a necessary requirement for C . 0 is that there be a suppression of two-photon events relative to the square of the probability for single-photon events for the fields 2 L , 2 R , that is: h ð2Þ c ; p 11 =ðp 10 p 01 Þ , 1: For our measurements, we find h The second step in our tomography protocol is to determine the coherence term d in equation (3), which we accomplish by adding a relative phase shift J for the fields 2 L , 2 R , and by combining them at the beamsplitter BS 2 shown in Fig. 1b . By recording the conditional count rate after the beam splitter as function of J, we can measure an interference fringe with a visibility V, with jdj then following from V and the p ij . Roughly, for 50/50 beamsplitters and neglecting higherorder terms (that are employed in our actual analysis), we would have jdj ø Vðp 10 þ p 01 Þ=2: Figure 2 shows conditional counts N 2a , N 2b þ N 2c as functions of J. These data demonstrate that the indistinguishable character of measurement events at detectors D 1a (Fig. 2a) and D 1b (Fig. 2b) induces a high degree of coherence between the otherwise independent ensembles L, R (refs 6 and 26). Indeed, we deduce visibilities V 1a ¼ (70^2)% and V 1b ¼ (71^2)% for the associated conditional states.
A notable feature of these results is that the interference fringes have relative phase p for the cases of detection at D 1a , D 1b , in agreement with equations (1) and (2). We observe similar fringes if the phase h 1 between the write beams is varied instead of J. Moreover, if the fields 1 L , 1 R are combined at the beamsplitter BS 1 with orthogonal polarizations (by way of the half-wave plate in Fig. 1a) , we find that the visibility from interference of fields 2 L , 2 R drops to near zero, because in this case there is no longer measurement-induced entanglement associated with quantum interference for detection of fields 1 L , 1 R (see Supplementary Information) .
With equation (4), the measured values for the visibility V and for the various p ij are sufficient to deduce a lower bound for the concurrence C for the field stater 2L;2R at the location of detectors D 2a,2b,2c . With no correction for detection efficiencies or propagation losses, and without subtraction of any background, we find: Beyond the firm lower bound given by equation (5), we can make a better estimate of the degree of entanglement C L,R between the L and R ensembles by using detailed measurements of the propagation The values of p ij are referenced to the location of detectors D 2a,2b,2c , and were obtained by considering unit detection efficiency, which gives a more conservative (smaller) lower bound for the concurrence than the actual (larger) field concurrence for finite efficiency ,1. See the Supplementary Information for further details, and equation (3). efficiencies from the atomic ensembles to the plane z 0 of the detectors shown in Fig. 1b (see Supplementary Information) . Figure 3 gives an inference of the density matrixr zi 2L;2R and thereby of the concurrence C zi ðr zi 2 L ;2 R Þ at z 0 and at two other locations z i¼1,2 along the path from the ensembles to the detectors (see Fig. 1b) , assuming a constant visibility. In general, C increases in direct correspondence to the reduced level of losses for the 2 L and 2 R fields at locations closer to the ensembles. At location z 2 corresponding to the output edges of the atomic ensembles, we find the result: 
To move beyond this result, we need more detailed information about the efficiencies y L,R with which stored excitation in the atomic ensembles is converted to the propagating light fields 2 L and 2 R . Our earlier measurements included comparisons to a simple model 21 and allowed an inference y L,R < 0.10^0.05. The measurement of the losses together with the values of p ij at the detectors yields p 10 þ p 01 < 11% at the output of the ensembles (z 2 plane) for our current experiment. This value together with the estimated y L,R then indicates that p 00 ! 0 for the conditional state r L,R of the ensembles, so that C L,R < V < 0.7, suggesting that r L,R is close to the ideal entangled state of equation (1) . The low measured values for the entanglement between fields 2 L and 2 R are apparently principally a consequence of the low readout efficiency y L,R of the atomic excitation. We stress that this inference of C for the state inside the ensembles must be confirmed by subsequent experiments and is offered here to provide some insight into future prospects for quantum protocols with entangled ensembles. This also emphasizes that a central point in subsequent work should be the improvement of y L,R .
In conclusion, we have achieved entanglement between a pair of atomic ensembles separated by 2.8 m, with the entangled state involving one spin excitation within a collective system of roughly 10 5 atoms at each site L and R. The entangled state is generated by and conditioned upon an initial detection event, and is thus produced in a probabilistic fashion. However, this initial event heralds unambiguously the creation of an entangled state between L and R ensembles, which is physically available for subsequent use, as, for example, by mapping to propagating optical fields, which can in principle be accomplished with high efficiency. We emphasize that our measurements relate to an actual physical state of the L and R ensembles and of the 2 L and 2 R fields, and are not an inference of a state based upon post-selection. Our work provides the first example of a stored atomic entangled state that can be transfered to entangled light fields, and significantly extends laboratory capabilities for entanglement generation, with now-entangled states of matter stored with separation a thousand-fold larger than was heretofore possible for qubits. With our current set-up, we have demonstrated Dt s . 1 ms for storing entanglement. However, this should readily be extended to Dt s . 10 ms; and new trapping schemes have the potential to lead to Dt s . 1 s (ref. 17) . The distance scale for separating the L and R ensembles is limited by the length l 0 . 2 km for fibre optic attenuation at our write wavelength of 852 nm. Extensions to scalable quantum networks over larger distances will require the realization of a quantum repeater 6 , for which we have now laid the essential foundation.
METHODS
Atomic ensembles and optical pulses. Each of the L and R atomic ensembles is obtained from caesium atoms in a magneto-optical trap (MOT) 17, 21 . Measurements are carried out in a cyclic fashion consisting first of a period of cooling and trapping to form the MOT, followed by an interval during which the magnetic fields for the MOT are switched off. After waiting 3 ms for the magnetic field to decay 17 , we initiate a sequence of measurement trials, where for each trial the atoms are initially prepared in level jgl. The write pulse is at 852 nm, with a duration of 150 ns and is detuned 10 MHz below the jgl ! jel transition. The read pulse is at 894 nm, with a duration of 130 ns and is resonant with the jsl ! je 0 l transition. At the end of each trial, the sample is pumped back to level jgl by illuminating the atomic cloud with trapping and repumping light for 0.7 ms and 1 ms respectively, and then a new trial is initiated with period of 3 ms. The total duration for a sequence of measurement trials is 5 ms, after which the measurement interval is terminated and a new MOT is formed in preparation for the next sequence of trials at a rate of 40 Hz. 
